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Abstract

This paper provides an overvi ew of the imaging resul ts

of the Jrn/NASA unmanned expl ora ti on mi ssions t-0 al 1 of the
pl ane ts of the sol ar sys tem (except P1 U to) as wel l as the

t el ecommuni ca ti ons capabi 1 ity whi ch was devel oped to

enabl el support. thosemi ssi ons.

The tel ecommuni ca ti ons 110K i mprovemeni.s wil 1 be described to
show 1 ncrea ses in da ta ra te capabi 11ty resul ti ng fromthe
addi ti on of ground an tenna aperture, tlransmit. ter power, coding
t echni gues , 1 ower noi se recei vers, e tc¢. This paper will al so
describe (briefly) t-he current. and future f 1 ight mi ssions.

Thepresentat. i on wi 11 be supported by a signif icant number of
pict. ures taken during the pl ane tary encoun ters as wel ]
as pl ct ures of the Deep Space Network An tennas .

Il ntroducti on

The Jet Propul si on lLaboratory of the Cali fornia Insti tute of
Technol ogy, under contract to the Uni ted St at es Nati onal

Aeron gquti ¢s and Space Adnmi ni strati on, conducts space f 11 ght
project s for sci enti f i ¢ research. 7The 1 aboratory al so has

devel opc d and current. ] y operat es a deep space tracking network
and data acqui si tion facil ity supporting the sci entif 1'c

expl orat i on of space

I"he research described in thi s publ i cat jon was carried out by
t he Jet Propul sion lLaboratory, Californi a Inst itute of Technol ogy,
Unde r cont ract.. W th t he Nati onal Acronaut | cs and Space

J

Admi ni st rat ion .



Hi storical. Perspective of Telecommuni cations

Space communi cat ions techn ology, as We use. the term, start. ed with
mil it ary rockets . The concept of measuri ng performance paraneters
on board a vehi ¢l e and radi o ng the encoded dat a to a ground
receivi ng st at i on proved @ successful technigque. Consequentlyy,
thi s techni que was expanded and ref i ned to enabl e the devel opment
of the f1i ght anti qround equi pment. for the earl y eart h orbi ting
sat el lites. The fi rst US satel 1 i te w th this technology was the
Fxpl orer 1 whi c¢h was des i gned and bui 1t. by JPL and used a

modi f i ed US Arny sponsored balli sti cm ssil etoplace the
satel1it. einorbit- . 7The f] i ght data f romthat. f i rst on board

f 11 ght i nstrument were returned to the ground receiving stations
Vi a the communi cations 1 i nk . That f 11 ght i nstrument det ected
what i s now known as the Van Al 1 en Bel t of charged parti <] es that
orbit. the earth . The receiving stat-ions formed the basi s of the
worl d Wi de Deep Space Network (DSN) . Satel 1 ite technol ogy has
contribut ed to the evol ution of the deep space pl anctary

expl oral j on spacecraf t t hat. arei nf 1i ght today.

Di scussi on

The overal 1 evol Ul i on of the unmanned space program whi c¢h began
Wi th earth orbite rs, was fol 1 owed by f 1i ghts to the wmoon, and
event yal 1y 1 ead to the exp] oration of al 1 of the pl anets (except
Pl ut o), has been we] 1 document ed in the world press, scientif i c:
‘| ournal ¢ and acadewmi a . 7The devel opment of the DSN and i ts use to
support. those p] anetary rni ssions | S rarely recogni zed.

Today 's worl d wi de DSN consi sts of three tracking compl exes

1 ocated near Madrid, Spain; Canberra, Aus tral ia; and Gol dstone,
Cal i forni a near los Angel es in the United Sta tes. kach of these
complex es cent.ai n one 70 meter antenna, one 26 meter antenna, and
two 34 meter antennas . ‘] 'hese antennas are remotely operated from
a cent rall y | ocat ed si gnal pr ocessi ng cent. er at each compl ex. The
compl exes are connected to a net-work control center at, JPI. in
Pasadena, Cali fornia. There i s al so a launch support faci 1 i ty

1l ocat ed at Cape Canaveral , Fl ori da. The DSN has grown

signi ficantly from i ts ori ginal facilit jes and capabi l ities, Lo
become a worl d 1 eader in the devel opment of 1 arge, ful 1y

steerabl € mi crowave ant ennas , 1 ow noi se receivi N4 syst ens

digital a3 gnal pro(:eg;sj ng, and deep space radi o navigat i on .

The pri mary di f ference between the DSN and other communi cati on
sys tems | S the extreme di stances and acc uraci es requi reel by

p] anet ary mi ssi ons . The DSN i S regui ret] to support.

cowmuni cat i ons over bil 1 ions of ki lometers With signal 1 evels on
the order of 10 to the minus 16 watts and to det ermi ne the

vel oci ty of the spacecraft to a wmillimet er of a second and i ts
posi tion W thin a few meters



The carly years of the p] anetary program (1960 to 1975) were
characteri zed by f 1 ightg to the various i nnerrp] ancetg by the
Mari ner seril es of spacecraf t. Thesespace ¢ rdl L Were threce- axi s
st abi ] ized and used sol ar energy to provi de the required power.
The 1 nst rument compl ements 1 ncl uded various experinment-s such as

ul travi ol et spectroneters, | Nnf rared int erf erometer spectrometers,
magne tometers, as well as an | magi ng system (TVv). CTen rnl ss i ons
were f 1 own, seven were successful , The Mari ner f 11 ght s, the

pl anets they vi sited, and the years they were 1 aunched are 1 i st ed
in Tabl e 1 be] ow

Table 1
Miss ion Planet (s) Launch Ye a r
Mari ner 1, 2 Venus 1962
Mariner 3, 4 Mar s 1964
Mariner 5 venus 1967
Mari ner 6, 7 Mar s 1969
Mari ner 8, 9 Mars 1971
Mari ner 10 Venus/Mercury 1973

Fai 1 ures experi enced in 1 aunch phase Mariners 1, 3, 8.

The Mariner 9 Mars f 1 ight in 1971 was the f i rst planetary

orbi ting mission . Thi s 1 ong term observati on of Mars from orbi
refined the basis for the follow on Viking f] ight s in 1976 which
p] aced the mai n spacecraft- i n orbi t and instrumented 1 anders on
the surface . The Vi ki ng mi ssion buil t on the f I ndings of Mari ner
9 and signi {1 cant, ] y expanded and refined our know edge of Mars.
The orbi ter photographed, i N greater detai 1, the vol canoes as

we] 1 as the great_ rift va] 1 ey di scovered by Mari ner 9. The

1 anders sampl ed the mart. i an soilfor signs of 1 ife wit-h negative
resul ts . However, the overal 1 data gathered by the two orbi ters
and 1 anders have provi ded the def i nitive source for the current
sci enti i c study of Mars today.

The Venu s/Mercury mi 8si on in 1973 was the f irst mi ssion to

uti 1 ize the concept- of a gravi tat | onal assist. ‘l'hi s concept was
t o take! advant age of t-he gravi tati onal force of one pl anet to add
energy to the spacecraft inordert. opropel it on to the next.

Thi ¢ succ es sful technique enabl ed the f 11 ght of the Voyag er
spacecrait to the outer pl anets in the 1 ate 1970s through the
1980s. The Voyager mi 8SI on wil1l be descri bed later.

The DSN provided tracking, command and tel emetry support. for a] 1
of thes e mi sg ions . The resul ts of these flights to the | nner
p] anets are summari zed bel ow.



Mercury - Very moon-like - Characterized by an extremely
cratered surface with large flat circular
basins. lLarge scarps approximately 3 km high by
up to %00 km in length.

Venus - Surf ace temp era ture - 4 ‘/-/ degrees C; Atnosphere
Carbon Di oxi de and Ni trogen; Upper atnosphere -
Su] phuri ¢ Aci d; Surf ace - Many vol canoes, Iwpact
craters, continent sized highlands.

Mars - Few but. massi ve vol canoes; evi dence of surface wat er
in the past. ; many impact craters; atmosphere very
thi n but enough to support. massi ve, Pl anet coveri ng,
dust storns; polar ice caps (water as we] 1 as carbon
dioxide) .

In the early 1960s, the data rates froma Mars flyby were 8 1/3
bi ts per second and took al nost. 8 hours to return one pi <t ure .
By 1 974 the DSN was capabl € of receivi ng up to 11 7, 600 bps from
Venus and Mercury. By 1979 it_ was capabl e of receiving 115, 200
bps from Jupiter.

The remai nder of thi s paper wi 11 emphasi ze the communi cat-i on
rates the DSN i s capabl e of supporting f rom the extreme di stances
of the voyager Mi ssi on . These high data rates are pri marily
requi red for the i magi ng systens . Al though a lot of val uabl e
scientif icexp] oration cian be carried out wi thout i magi ng, the
va] ue added to the mi ssi on i s consi dered i mportant enough to

I nvest 1 N the capabi 11 ty to © bt ain those inmages

The Voyager mi ssi on, when original 1y concei veal, was referred to
as the 1’ Gand Tour" . The mi ssi on was to take advantage of the

i nfreque - al ignment of the pl anets that would al |ow a spacecraf t
to go to Jupil ter, get. a gravity assi st to send i t on to Sat-urn,
another gravi ty assi‘sst to send it to Uranus, and f inal 1y another
to send 1L to Neptune! . The missi onwul d have to i ncl ude a

capabi 1 i ty on the spacecraft to gather and transmi - a sj gnif icant
amount of data to just if y i ts flights. Wi le technical 1y

possi b] ¢, the funding was not availabl et o support. such a

miss ion. Consequently, i t was descoped to a Jupiter/Sat urn

mi ssion with a sma] 1 er spacecraft and much 1 ess power{ y)

transmi tt ers .

Al 1 consi dered, even a Jupil ter/Saturn mi ssi on was consi dered very
costly. With descopi ng the missi © ns, NASA and J plL, f rom the very
begi nni ng, were stil 1l consi dering extendi rng the Voyager rni ssi ons
to the "Grand Tour" concept I N order to benef i t f rom the

p] anetary al i gnments . A large part. of the responsibili ty to
accompl i sh this fell on the DSN.

The two Voyager spacecraft were 1 aunched in md 1 977 and arrived
inmd 1979.



Jupiter

The Jupi ter encounter was support ed by the 64 mete r antennas at
115,200 bps. 1 nanti cipation of the foll ow on requi rements , an
advanced devel opmen ¢ concept of e.] €Cl roni cal 1y connec {j ng two

a1l ennas together i n an array to i ncrease the received si gnal

atr eng th was test ed. 7The concept proved successful to the extent
that. conti nued work was authori zed to all ow the tec hnique to be
used on t_he upcomi ng Saturn encoun ters . There V\Bh.e 33, 000 cl ear
i et ures received al the. rate of one 5-mil ] 1 0NN timage per
every 48 seconds

Saturn

The spacecraft 1 ew on to Saturn arri vi ng on Novenber 1 ‘2, 1980
and Augus t 25, 1981 . Thi s encount er was supported by arrayi ng a
64 meter antenna wi th a 34 meter antenna . This al 1 owed the

m ssion to use a 44,800 bps dat a rate rather than the 2.9, 000 bps
rate that woul d have been used wi th only t-he 64 net. r antenna

The Net work received 30, 000 high quali ty tel evi sion images of
Saturn, its rings, and its satell it es.

Uranus

The Voyager 1 spacecraft was all owed Lo conti nue i nto

int erstel 1 ar space and the Voyager 2 spacecraft was di rect ed on
to Uanus Wi th an arri val date of February 1986. The next.

chal J ence was to support. thi g Uranus encount er with a dat a rat, e

t hat woul d support a meani ngful i magi ng experi merit _ . 7The 64 and 34
met. er ant ennas arrayed were far short of what was needed for the
3.0 billion km di stance. To increase t-he e] ements of the array,
snot-hcr 34 meter antenna at. Gol dst one and AUS tral ia had to be

bui 1t .

The spacecraft. ' s ¢l osest approach to Uranus woul d occur over
Australia, SO the greatest. i mprovements woul d be made there . An
agree ment was negoti ated W th the Aust rali an Government f or the
use of a 64 meter radio telescope |ocated at. Parkes, Austral ia
about 290 km Nor th of canberra .

A microwave 1 ink was inst al |ed between t-he facilities al |ow ng
real - time transmi ssion of the digi tized intermedi ate f requency

Si gnal from rparkes to Canberra . The three Canberra antennas ( 64m
anti two 34m) were. then arrayed toget her and af terward arrayed

W th t-he rarkes signal to allow a 23 Ki lobit data stream. 1hi$s

al 1 owed for the high qual i ty imaging experiment desi red .

Changes were! al so made on the Voyager space craf t . Si nce the
spacec raf t was computeri zed (W th six onboard computers) it was
possible to repro gram some 0f the ¢ on trol functi ons . Two of the

comput ers Were repro grammed to i mpl ement a dat a reduction
t echni que that al 1 owed a 60 percent reducti on i n the nunber of

C
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bitsneeded to produce an itriage . This, along witht heincre ased
data rates provi ded by the DSN, al lowed a pic ture to be
t ranemi tt ed every 4 mi nutes al 1 ow ng t he capture of 2516 1 mages

of Uanus , 1 ts rings and satel 10 t. es.

Another spacecraft modi f i cation that was necessary i s of

interest .  Since the 1 ight int ensity was less than 1/10 of that
at Jupiter, a 1l onger exposure was necessary. “1'0 prevent pict ure
smeari ng as the spacecraft f 1 ew by the pl anet and i ts noons at a
very hig h speed, 1 t. was necessary to turn the cameras at the same
rate the spacecraf t was nmoving. Thi s techni gue was very

successful and provi tied out. St andi ng i mages Of the Urani an moons .

The Uranus encounter occurred i n January 1 986 anti was very
successful .

Neptune

The Voyager 2 spacecraft. was then di rected to Neptune wi th an
arrival date of August, 1989 . Anot her nonument-a] chal 1 enge
given to the DSN was to obtain the same qual i ty pictures of

Nept une that were obtained at Uranus only wi th 1legss t-ban hal f the
11 ght i ntensity of Uranus .

Arranai na for the reuse of the Parkes antenna was rel ativel y

straight forward, pbut far nore was requi red. 1t was necessary to
nodify the 64 meter antennas to increase the diameter to 70
meters . Thi s increased aperture resul ted i n a 50 percent.

increase! in gain. Arrangenments were made W th the Nati onal

Sci ence Foundati on to use the Nati onal Radi o As tronowmy
observatory’ s very 1arge array (VI 1A) at Socorro, New Mexi co. The
VIA consi st s of twenty- seven 25 meter antennas that can be noved
i n position al ongthree v- shaped radi alrai 1road tracks . Thi g
facility is normal 1 y used for radi o astronony. A nunber of

modi f i cati ons had to be made to use the via. New X band
receivers, lownoise anp] i f iers, and a correl ator to combi ne the
signs] s fromthe 27 antennas were added. A sat ellite

communi cat-i ons 1i nk was establ i shed between the via and

Gol dstone New combi ners were devel oped for Golds tone that

enabl ed recepti on of Lhe signal s from the three arrayed Gol dst one
antennas and combine i t W th the signal received f romthe VI |A

1t was al so necessary to add the neceded equi pment anti trai ni ng to
convert the VIA f rom a researc htype f acili ty to a hi ghly

rel i abl e operat jonal facili ty for the several nonths of

signif I cant Voyager support. . The VLA provi ded a capabi 1 1 ty of
more t-ban 21 /2 tinmes that of a DSN 70 meter ante nna. Thi s added
apert ure 10 r the array enabl ed the required signal power to be
recei ved thus achi eving the desire d pi cture qual i t y.

The encounter W th Neptune i n Augus t | 1989 was very gratifyi ng to
the navi gat i on and sci ence teams . 1 n order to f ] y by Nept une anti
Triton, Voyager 2 was targete d to pass only 4900 km above the
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cloudtops . This cl ose approach to the pl ane t al 1 owed Voyager 's

{ rajectory to be bent sharp] y as it passed over the p] anet, to
ass ure an accept.ab] y ¢l ose f1yby of Triton . 7The navigat i on team
was congratul ated for achi evi Ng an aim point mi sg of 1 ess t han 40
kmfrom a di stance of over 4.4 bi 1l ion ki lometers .

The sci ence team ant j cipat ed f indi ng port j ons of ri ngs (called
ri ng arcs) about Neptune, but. were surprised to observe compl et-e,
t hough tenuous, rings . The tecam was a] so surpri sed by the high
vel oci Lty wi nd storms tha t were observed in the atnmosphere

The encount. er wi th Nep tune concl uded the tour of the out er

p] anets for Voyager 2. The continuing f 11 ghts of the two Voyager
spacecraf t. into inte rstel 1 ar space wi 11 be moni tored by the DSN
we] 11 nto the next century. 1t. is anticipated that the onboard
consumabl es , such as power antl atti tude control gas, will

mai ntai n the Voyagers beyond the current range of the DSN

tracki ng capabi 1 1 ty.

The Voyager f 1 ights obtained suf f i cient data to essential 1y
rewri te the encyel opedi a of the outer pl anets . Some of the
high level resul ts are 1 isted below.’

J upl ter Signifi cant detai 1l s of the pl anet * s atmospheri c
dynami c¢s; di scovery of a tenuous ri ng;
Observati o n of vol cani sm on lo, Close up view Of
the four Gal ilean satel 1 ites; Discovery of new
moons .

Sat urn Signi i cant detai 1 S of the di verse structure of
the rings and ring/ wmoonlet int eracti on;
Obgservati on of t he atmosphere of Ti tan;
1 ntri gui ng observati ons Of t-he varying surf ace
features of the 1 arger woons;Di scovery of new
moons .

Ur anu s Skewed magneti ¢ f ie] d rel ative to rotation axi s;
Unusual surface features On t-he 1 arger moons;
Signif i cant numbers of rings

Neptune High speed W nds; Cycl oni ¢ storns i n the
atnosphere!; 7Tenuous ri ngs; Weak magnet-i ¢ f i el d;
Vol cani Smon Tri ton; Ni trogen f rost on Triton

Current M ssi ons

The pl anetary missi ons t hat are current. ] y being supported i ncl ude
Magel lan i n orbit at. venus and Gali 1 eo enroute to Jupi ter . Ry

t hetime t hi s paper i s presented, the Magcl 1 anSpacecraft- w 11
have ent ered the venus atmosphere an d been 1 ost . Magel 1 an was

1 aunched i n May, 1989 and was placed in an el l ipt ical, near] y

pol ar orbit around Venus i n Aug ust 1 990 . The pri mary obj ecti ve




of the mi ssion was to map at. least. 70% of the pl anet ' s surface.
Thie f 1 ight pl aced unusual demands on the DSN to rapi dl y acqui re
tel emetry signal S under very hi gh doppl er rates and for handl ing
the 1 arge quant i ties of dat a that are charact eri stic of imagi ng
type mi ssions . The DSN has supported a268 ki ] obit. data rat e for
two hours out of every three si nce t-he mappi ng sequence began i n
1990. Magel 1 an exceeded | ts pri mary obj ect i ve and returned data
to produce a map of 99% of the surf ace. At- the concl usion of the
mappi ng sequence, the space craft was conf igured to 1 ower i ts
cl]liptilea] orbit in order to test the concept of aerobraking as a
means of traj ectory or orbit. adjustment . The aerobraki ng

techni que al 1 ows the atnosphere of a pl anet tc sl ow the _
s pa ce ¢ral genoughtomodifythe f 1ight path W thout a si gnif I cant

expendi ture of on board propel 1 ant .  {he successful appl i cat ion
of this techni que may havesig ni f jecant positive | wpact on f ut ure

mi ssion i n terms of weight tradeof fs between propel 1 ant. and
I n st ruments .

The Gal i 1 eo spacecraft. includes an orbiter and an atnosphere c
entry probe to i nvesti gate the Jovi an System. 7The spacecraft was
1 aunched by t-he space shuttl e and f ol 1 owing three gravi ty assi st
flybys of Venus (1) and Earth (2)i s we] loni ts way to Jupiter
to arrive in 1995. ‘lI'"he probe Wi | 1 be rel eased to enter the
atnosphere and rel ay i ts f indi ngs to the orbiter.  The orbi ter
will then begin its detai led investigations of t-he larger of

J upi ter ' s noons . Chal 1 enges are presented to the DSN from thi s
mission because of the 1 ongcrui se, Increased di stance, and 1 ower
power at encounter .

Future M ssions

Cassini - The Cassini wmi ssion wi 11 expl ore t-he Saturni an system,
whi ch contains a host of VO atil€ - rich bodies and |l ndi cations of
the processes that have modi f ied them. ‘] 'he missionw ] 1 be

composed of a Saturn orbi ter spacecraft , bui 1 t by JpI, for NASA,
and a detachabl e Ti tan entry probe suppl i ed by the European Space

Agency (BSA) . The Cassini spacecraft W 11 del iver the probe to
Ti tan ant] on each orbi t of Sat-urn, wil] make a close f1 yby of
Titan to al low intensive study of thi s most unusual moon . One of

the most intriguing aspects of 73 tan is the possibili ty that its
surface may contain lakes of 1 i guid hydrocarbons that resul t from
phot. ochemi cal processes i n the upper atmosphere . Addi ti onal

studi es W 1 1 be conducted of 7i tan to determi ne the composi t i on
and st ruct uyre of the at mos phere as well as the surface features

The orbi ter Wi 1 1 make €Xt ensive st udi es of Saturn ' s noons to
expand and refi ne the knowl edge gai ned during the earl i er Voyager
flyby of the Saturni an system.

To prepare for the Cassini M ssi ©n and to rep] ace the agi ng 34
lwter stand ard ant enn as, a new secries of 34 meter Beam
Wavegui de Antennas arec current 1 y being iwpl emented into the.




DSN. 1In addition, a newdigitalreceli ver anti hi gher frequency
mi crowave recepli on equi pment are bei ng p] anneal .

Mars Gl obal Surveyor - Thi g m ssion, schedul ed for | aunch i n
1996, is intended to be the first- of a series of | ow cost

orbi ters and 1 anders to be 1 aunched every 26 mont hs through the
year 2005. These spacecraft wi 1 1 cont inue the investigati ons of
Mars on a pl anet W de- scale . The | nst ruments W 11 bui l d on the
herit age of the Mars Observer m SSi on Whi c¢h was | ost just prior
to entering orbit in 1993,

Pl ut o Fast ¥l yby - Advanced pl anni ng and m ssi on desi gn st udi es
are bei ng conducted to det ermi ne the feasibi 1 i ty of sendi ng a
pai r of smal 1 space craf t to P] uto . The object ive I S to

I nvest igate the 1 ast unexpl ored pl anet and i ts moon, Charon,
whi 1 e they are close enough in t-heir highly el1ipt ical orbit of
the sun to have a measurabl e atnosphere

Refl ecti on

The thi rt y two years of p] anetary expl oration has yie] ded an
enormous amount, of data and know] edge of the. p] anets of our sol ar
systen . | "he overal 1 goal of the Uni'ted States ' civi 11 an space
program throughout t_he three decades p] us of NASA * s exi stence ,

has been the understandi ng of the bi rth and evol uti on of our

pl anetary reconnai ssance (accompl i shed by fast flybys) ,

expl oration (achieved by orbi ters and entry probes) , and

intensive study (I mpl ement ed by 1 anders) has been fol | owed. The
resul ts to date have surprised and amazed the scienti fic
communi ty as We] 1 as the general pub] i < . 1 ti s hoped that the

di scoveri es of the past. wi 11 encourage signif i cant. ] y nore

chal 1 engi ng m ssi ons of expl orat I on and I ntensive study of the
pl anet g . When those mi ssions are f1 own, the DSNwW 11 con ti nue to
bri ng the data to the wai ting science teams .
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